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1. Introduction 
Tobacco rattle virus (TRV) was first reassembled 
in vitro from its RNA and protein components by 
Semancik and Reynolds [l] and Abou Haidar [2] but 
the conditions they used were different. Experience 
with the in vitro reassembly of tobacco mosaic virus 
has shown that the state of aggregation of the protein 
is important both for initiation and elongation of the 
rod [3-61 and this is likely to be true also of the simi- 
larly constructed TRV. We have therefore investigated 
the aggregation of TRV protein as a function of pH, 
ionic strength and temperature. 
2. Material and methods 
2.1. Virus 
The TRV strain CAM was a gift from Dr. B.D. 
Harrison, and was multiplied in Nicotiuna Clevelundii 
and purified as described by Singer [7]. Further puri- 
fication was obtained by centrifugation in a CsCl gra- 
dient . 
2.2. Protein extraction 
Protein was extracted from the virus by the acetic 
acid method of Semancik [8], but mercaptoethanol 
(0.5 ml/l) was added to the water during dialysis. The 
protein was then precipitated by an equal volume of 
saturated (NH4)2 SO, and resuspended in distilled 
water. The A~eu/A~~u ratio varied from 0.55 to 0.6 
depending on the preparation, indicating almost no 
contamination by residual RNA. 
* On leave from the National Scientific Research Council of 
Lebanon. 
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2.3. Experimental conditions 
Aliquots of the suspension of TRV protein in water 
were precipitated again by (NH& SO, and resus- 
pended in the required buffer, dialyzed at 2” over- 
night against that buffer, and allowed to stand for 
2 hr at the chosen temperature before study. We used 
buffers of ionic strengths from 0.01 to 0.8: sodium 
acetate for pH 4.5,4_7,5.0,5.2 and 5.5; sodium 
phosphate for pH 6.0 and 7.0; glycine-NaOH for 
pH 8.0 and 10.0. 
For each buffer and each pH the value of the coef- 
ficient k relating the molarity (M) to the ionic strength 
(p) has been calculated, using the pK’s tabulated in [9]. 
Protein samples at a concentration of about 4 mg/ml 
were examined in a Spinco Model E analytical ultra- 
centrifuge. The viscosities and densities of the various 
buffers were measured at 20” using an Oswald viscosi- 
meter and a Mohr balance, respectively. The same visco- 
sity and density correction (the factor can be as high as 
1.46, for acetate buffer pH = 4.5, p = 0.6) was used at 
all temperatures (2”, 20” and 30”) to obtain the s2uw 
values of the sedimentation coefficients. 
For electron microscopy the protein samples (at 
about 0.1 mg/ml) were fixed for at least 3 hr with 
formaldehyde diluted in the corresponding buffer (1% 
final cont.). The specimen grids were examined in a 
Siemens Elmiskop 1 A electron microscope, at a nom- 
inal magnification of 40,000, after negative staining 
with 1% uranyl formate. 
3. Results 
3.1. Aggregation states of TR V protein at 2” 
The analysis of the protein in the various buffers 
shows that at 2”, essentially two types of components 
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Fig. 1. Diagram showing the range of existence of the different types of TRV protein aggregates as a function of pH and ionic 
strength (p) at 2”. Symbols: 0, o = 4 S protein; A, A = 36 S aggregate. The relative amounts of 4 S and 36 S components are indi- 
cated according to the following convention: A More than 90% of 36 S. l More than 90% of 4 S. ($) Approx. equal amounts of 
4 S and 36 S (from 30 to 70% of 4 S or 36 S). ($) IO to 30% of 4 S. (2) 10 to 30% of 36 S. The symbol * indicates that the protein is 
denatured and precipitates. 
were obtained, sedimenting at s20,w = 2 to 4 S and 28 
to 36 S, respectively. 
Calculations similar to those made by Caspar [lo] 
for TMV protein aggregates showed that monomeric 
TRV protein sediments at about 2 S, its dimer at 4 S. 
A two-layer disk consisting of two stacked rings of 
26 subunits of molecular weight 24,000 daltons (or 
32 subunits of 19,000; see discussion in Tollin and 
Wilson [l l] sediments at 33-36 S. Thus the slowly 
sedimenting species probably corresponded to mono- 
mers and/or dimers and the faster one to disks. In the 
text they will be referred to as 4 S and as 36 S com- 
ponents, respectively. 
Fig. 2. Sedimentation patterns of TRV protein at 2”. a) Glycme-NaOH buffer, pH 8, JI = 0.01 (bottom) and 0.8 (top). b) Na acetate 
buffer, pH 5, p = 0.01 (bottom) and 0.6 (top). c) Na phosphate buffer, pH 4.7, Jo = 0.2 (bottom) and 0.4 (top). Protein cont.: 
about 4 mg/ml. Photographs were taken about 30 min after reaching 47,660 rpm. 
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Fig. 3. Electron micrograph of a sample of TRV protein in pH 7 phosphate buffer (P = O.Ol), fixed in 1% formaldehyde prior to 
negative staining with 1% uranyl formate (X 108,000). 
Fig. 1 illustrates their stabilities at 2”. At pH below 
4 and p above 0.2 the protein was denatured and pre- 
cipitated. At pH above 5.5 the predominant compo- 
nent was 36 S, but some 4 S (less than 10%) was al- 
ways present, even at pH 8 or 10, whatever the ionic 
strength (fig. 2a). Between pH 4.7 and 5.2, at very 
low ionic strength (IL = O.Ol), the 36 S species was al- 
ways predominant. At pH = 5 .O and p above 0.1, both 
components were present in approximately equal 
amounts, but the exact relative proportions were not 
well reproducible, probably because slight pH differ- 
ences displace the equilibrium (fig. 2b). At pH 4.7, 
the proportion of 36 S dropped drastically as P in- 
creased from 0.2 to 0.4 (fig. 2~). At /J = 0.8, no 36 S 
was present at all. In this region of the phase diagram 
between pH 4.7 and 5.2, at P greater than 0.4, we also 
sometimes observed a component sedimenting at 
22-25 S. It was only present in minute amounts and 
never coexisted with a 36 S peak. Its significance is not 
yet known. 
We have checked that the nature of the buffer did 
not influence the conformation of the protein: the 
sedimentation patterns in phosphate and acetate 
buffers were similar, at pH 4.7, 5 .O and 6.0, respec- 
tively. 
In conditions where 36 S predominated, many disks 
could be seen on the electron micrographs (fig. 3). The 
thickness of particles seen on edge confirmed that they 
were probably two-layer disks. 
3.2. Influence of the temperature 
Offord [12] and Semancik and Reynolds [l] no- 
ticed an aggregation of TRV protein at 30”. This ob- 
servation prompted us also to investigate the behav- 
iour of the protein at 20” and 30”. 
At 20” we obtained essentially the same sedimenta- 
tion patterns and electron micrographs as at 2”, in the 
same buffers. 
Some ultracentrifugations were performed at 30” 
and showed that the stability of 4 S is almost unaf- 
fected by temperature. However, conditions producing 
36 S at 2” or 20”usually gave rise to faster sedimenting 
material, at 30”. For example, at pH 4.7 or 5.2, 
/J = 0.01, only one peak was observed, at 40-45 S. At 
/J above 0.5, at the same pH, the protein was dissoci- 
ated as at 2” (fig. 4a, bottom). At pH 8.0 and p=O.Ol 
or 0.1, the major peak sedimented at about 30 S, and 
may correspond to the 36 S double disk; minor faster 
pe.aks were also observed at about 52 S, 70 S and 
105 S. At /..J = 0.5, at the same pH, the major peak sedi- 
mented at 47 S, and a minor one at 73 S; no material 
sedimented at 36 S or less (fig. 4a, top). Fig. 4b is an 
electron micrograph of TRV protein at 30” in glycine 
buffer pH 8,~ = 0.8, in which aggregates of double 
disks may be seen. For other ionic strengths, at the 
same pH, the pictures are very similar. 
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Fig. 4. TRV protein aggregation at 30”. a) Sedimentation of TRV protein (4 mg/ml) in phosphate pH 4.7 buffer (bottom) and 
glycine pH 8.0 (top), both at n = 0.5. The photograph was taken 8 min after reaching 47,660 rpm. b) Electron micrograph of a 
formaldehyde fixed, negatively stained protein sample in pH 8.0, fi = 0.8 buffer (X 108,000). 
4. Discussion 
Ionic strength and pH have almost the reverse ef- 
fects on TMV and TRV proteins. For TMV, the small- 
est aggregates are found at pH above 7.0 and low ionic 
strength [3 1; for TRV they exist at pH below 5 5, and 
their importance increases with the ionic strength. For 
TMV the double disk exists in a fairly narrow range of 
pH and ionic strength; for TRV it is the predominant 
aggregate at pH above 5 5, whatever the ionic strength. 
On the other hand we never observed the presence of 
long helices or stacks of disks of TRV protein, al- 
though short aggregates of double disks form at 30”. 
The state of aggregation of TRV protein changes 
drastically near pH 5 .O. This may be attributed to the 
titration of the histidine group and/or carboxylic 
groups present. The latter however would titrate less 
abnormally than in TMV protein where the transition 
occurs at a pH close to 7.0 [4]. 
Semancik and Reynolds [ I] succeeded in reassoci- 
ating TRV RNA and protein in a pH 8,0.25 M glycine 
buffer (/J = 0.5) at 9”. In these conditions, according 
to our results, TRV protein exists predominantly in 
the double disk form sedimenting at about 36 S. This 
situation is very similar to that for TMV where opti- 
mal reconstitution conditions correspond to the aggre- 
gation of the protein into the double disk form [3-61. 
Abou Haidar [2] however succeeded also in recon- 
structing TRV particles in a pH = 4.7 phosphate 
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buffer of p = 0.5, at 2”, where 36 S double disks are 
present, but the predominant form is the 4 S protein. 
This raises the question of the participation of the 
monomers and small aggregates in the reconstitution, 
a point to be discussed in a further paper. 
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